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ABSTRACT 
ANTIOXIDANT SYNERGISM BETWEEN α-TOCOPHEROL AND A HIGH 
PHOSPHATIDYLSERINE MODIFIED LECITHIN 
SEPTEMBER 2021 
HARSHIKA ARORA, B.S., G.B. PANT UNIVERSITY OF AGRICULTURE AND 
TECHNOLOGY, PANTNAGAR 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Eric A. Decker 
Phospholipids, such as phosphatidylserine (PS) have been shown to work synergistically 
with tocopherols to extend the shelf life of oil-in-water emulsions. However, the high 
cost of PS prevents it from being used as a food additive.  This work investigated the 
potential use of a high PS enzyme modified lecithin to be used along with α-tocopherol to 
extend the lag phase of oil-in-water emulsions stabilized using Tween 20. Phospholipase 
D from Streptomyces sp. and L-serine were used to modify lecithin to increase PS 
concentration. Enzyme activity was optimized as a function of pH and temperature using 
a high PC soybean lecithin. The high PS modified lecithin was examined for its ability to 
enhance the activity of α-tocopherols in Tween 20-stabilized oil-in-water emulsions. The 
modification was also performed in high PC sunflower lecithin and egg lecithin which 
were later analyzed for their efficiency in controlling lipid oxidation. α-Tocopherol (3.0 
µmol/kg emulsion) alone increased the lag phase of hydroperoxide and hexanal lag 
phases by 3 and 4 days compared to the control.   Authentic PS (15.0 µmol/kg emulsion) 
increased hydroperoxide and hexanal lag phases by 1 and 3 days, respectively, whereas 
high PS soy lecithin increased hydroperoxide and hexanal lag phases by 3 and 4 days, 
respectively. 
vi 
Addition of high PS sunflower and egg lecithin did not have any considerable effects on 
lag phases compared to the control. Authentic PS (15.0 mol/kg emulsion) and -
tocopherol (3.0 µmol/kg emulsion) decreased lipid oxidation by increasing the 
hydroperoxide and hexanal lag phase to 6 and 9 days. The combination of phospholipase 
D modified high PS lecithins (15.0 mol/kg emulsion) and -tocopherol (3.0 µmol/kg 
emulsion) were able to synergistically increase the antioxidant activity of -tocopherol 
increasing the hydroperoxide and hexanal lag phase by 6 and 9 days for soy, 5 days, and 7 
days for sunflower and 4 and 6 days for egg lecithin, respectively. This resulted in 
synergistic antioxidant activity (interaction index > 1.0). except for -tocopherol and high 
PS Egg lecithin which showed an additive effect. This research shows that the combination 
of enzyme modified high PS lecithin and α-tocopherol could be an effective and 
commercially viable clean label antioxidant strategy to control lipid oxidation in 
emulsions. 
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TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS ................................................................................................. iv 
ABSTRACT .........................................................................................................................v 
LIST OF TABLES ...............................................................................................................x 
LIST OF FIGURES ........................................................................................................... xi 
CHAPTER 
1. INTRODUCTION ...................................................................................................1 
2. LITERATURE REVIEW ........................................................................................4 
2.1. Introduction to Lipid Oxidation ........................................................................4 
2.1.1. Mechanism .........................................................................................5 
2.1.2. Lipid Oxidation in Emulsion system .................................................6 
2.1.2.1.  Introduction ........................................................................6 
2.1.2.2.  Factors affecting Lipid Oxidation in Emulsions ................7 
2.2. Antioxidants and their mechanism....................................................................9 
2.2.1. Types of Antioxidants ........................................................................9 
2.2.1.1.  Metal Chelators ................................................................10 
2.2.1.2.  Free Radical Scavengers ..................................................10 
2.2.1.3.  Oxygen Quenchers ...........................................................11 
2.3. Improved benefits of Antioxidant combinations ............................................12 
2.4. Tocopherol as an Antioxidant .........................................................................13 
2.4.1. Products of Tocopherol Oxidation ...................................................16 
2.5. Phospholipids ..................................................................................................17 
2.5.1. Sources of Phospholipids .................................................................18 
2.1.2. Effects of Phospholipids on Lipid Oxidation ..................................19 
2.6. Antioxidant Synergism ...................................................................................20 
viii 
2.6.1. Synergism between Tocopherol and phospholipids ........................21 
2.6.2. Challenge with the use of Pure Phospholipids  ................................22 
2.7. Enzymatic modification of Lecithin ...............................................................23 
2.8. Phospholipase D..............................................................................................25 
2.8.1. Transphosphatidylation Activity ......................................................26 
3. ANTIOXIDANT SYNERGISM BETWEEN α-TOCOPHEROL AND A HIGH
PHOSPHATIDYLSERINE MODIFIED LECITHIN .......................................................30 
3.1. Introduction .....................................................................................................30 
3.2. Materials and Methods ....................................................................................36 
3.2.1. Materials ..........................................................................................36 
3.2.2. Preparation of Modified Lecithin.....................................................37 
3.2.3. Detection of Phospholipids by HPLC ..............................................38 
3.2.4. Preparation of Stripped Soybean Oil (SSO) ....................................40 
3.2.5. Emulsion preparation and storage conditions ..................................41 
3.2.6. Measurement of primary oxidation products ...................................42 
3.2.7. Measurement of secondary oxidation products ...............................42 
3.2.8. Emulsion Droplet size and Zeta potential ........................................43 
3.2.9. Interaction Index ..............................................................................43 
3.2.10. Statistical Analysis .........................................................................44 
4. RESULTS AND DISCUSSION ............................................................................45 
4.1. Chromatographic Analysis..............................................................................45 
4.2. Effect of Enzyme Source ................................................................................46 
4.3. Effect of pH and Temperature on phospholipase D transphosphatidylation 
activity........................................................................................................48 
4.4. Ability of High PS lecithin and/or α-tocopherol to inhibit lipid oxidation in 
oil-in-water emulsions ...............................................................................50 
4.4.1. Droplet size and charge ....................................................................50 
4.4.2. Impact of unmodified soybean lecithin with or without α-tocopherol 
to inhibit lipid oxidation in oil-in-water emulsions .......................51 
4.4.3. Impact of High PS soybean lecithin with or without α-tocopherol to 
inhibit lipid oxidation in oil-in-water-emulsions ...........................52 
4.4.4. Impact of High PS sunflower and egg lecithin with or without α-
tocopherol to inhibit lipid oxidation in oil-in-water emulsions .....55 
ix 
4.6. Summary of Oxidation lag phases ..................................................................60 
4.7. Summary of Interaction Index ........................................................................61 
5. CONCLUSION ......................................................................................................73 
6. BIBLIOGRAPHY ..................................................................................................76 
x 
LIST OF TABLES 
Table Page 
2.1. Phospholipid composition of lecithins from Aleksandrovna et al., 2017 ...................19 
3.1. Percentage of different phospholipids found in common plant and animal 
sources obtained from Szuhaj 2005 .................................................................34 
3.2. Solvent gradient system used for phospholipids class HPLC separation ...................40 
4.1. Different parameters analyzed for optimizing the conditions for conversion of 
PC from soy lecithin to PS (low, medium, high described PS yield ...............47 
4.2. Droplet size and zeta potential of 1% stripped soybean oil-in-water emulsions   
stabilized with Tween 20 containing Unmodified Lecithin, Authentic 
PS and High PS Lecithin with and without α-tocopherol. Each value 
represents the mean (n =3) ± standard deviations ............................................51 
4.3. Summary of hydroperoxide and hexanal lag phases in 1% SSO oil-in-water 
emulsion stabilized with Tween 20…..............................................................61 
4.4.Interaction index between α-Tocopherol and high PS lecithin from different 
sources in 1% stripped soybean oil-in water emulsions stabilized with 
Tween 20 ..........................................................................................................62 
xi 
LIST OF FIGURES 
Figure Page 
2.1. Chemical structure of different types of tocopherols and tocotrienols adapted from 
(Suárez-Jiménez et al., 2016) ...........................................................................13 
2.2. Reaction products of α-tocopherol during the peroxidation of unsaturated lipids. LH, 
polyunsaturated lipid; L•, carbon-centered lipid radical; LOO•, lipid-peroxyl 
radical; LOOH, lipid hydroperoxide adapted from (Yamauchi, 2003) .............16 
2.3. Chemical structure of different types of glycerophospholipids adapted from (Alhajj et 
al., 2020) ..........................................................................................................18 
2.4. Site of action of phospholipases (Joshi et al., 2006)   .................................................24 
2.5. Reaction scheme for the hydrolysis and transphosphatidylation of 
phosphatidylcholine by phospholipase D obtained from (Nakazawa et al., 
2011)  .................................................................................................................26 
3.1. Reaction scheme of transphosphatidylation to PS from PC .......................................35 
4.1. High Performance Liquid Chromatography Chromatogram prepared using authentic 
phospholipids standards. The peaks are in the order PE= 
Phosphatidylethanolamine, PA = Phosphatidic Acid, PS = Phosphatidylserine, 
PC = Phosphatidylcholine .................................................................................45 
4.2. Effect of pH on formation of phosphatidylserine (PS) from high phosphatidylcholine 
soy lecithin. Reaction conditions: 6 mL of 0.2 M acetate buffer containing 2.5 
M L-serine, 0.01M CaCl2, 25 mL ethyl acetate, 0.3 g of soy lecithin, 8 units 
phospholipase D, T= 37ºC; PS = Phosphatidylserine (solid symbols); PA = 
Phosphatidic Acid (open symbols).  Error bars lie within the data points .......49 
4.3. Effect of Temperature on conversion to PS and PA from soy lecithin (0.3g). Reaction 
conditions: 6 mL of 0.2M acetate buffer containing 2.5M L-serine, 0.01M 
CaCl2, 25 mL ethyl acetate, 0.3 g of soy lecithin, 8 units PLD, pH = 5.5; (solid 
symbols) PS; (open symbols) PA (error bars lie within data points) ...............50 
4.4. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped soybean oil-
in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of α-
tocopherol in emulsion and 15.0 μmol/kg unmodified lecithin  in emulsion at 
20ºC. Each value represents the mean (n = 3) ± standard deviations.(Some 
error bars lie within the data points) ................................................................52 
xii 
4.5. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped soybean oil-
in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of α-
tocopherol in emulsion and/or 15.0 μmol/kg of PS or modified lecithin  in 
emulsion at 20ºC. Each value represents the mean (n = 3) ± standard 
deviations.(Some error bars lie within the data points) ...................................55 
4.6. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped soybean oil-
in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of α-
tocopherol in emulsion and/or 15.0 μmol/kg of unmodified or high PS 
Sunflower lecithin in emulsion at 20ºC. Each value represents the mean (n = 3) 
± standard deviations. (Some error bars lie within the data points).................57 
4.7. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped soybean oil-
in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of α-
tocopherol in emulsion and/or 15.0 μmol/kg of unmodified or high PS Egg 
lecithin in emulsion at 20ºC. Each value represents the mean (n = 3) ± standard 




As more and more consumers are adapting to a healthy lifestyle, there has been a growing 
demand for food products with health benefits. Nowadays, food industries are focusing on 
producing nutritionally enriched products which are natural and clean label. Consumers 
are shifting towards including more polyunsaturated fatty acids in their diet because of 
their health benefits. However, incorporation of these fatty acids is a challenge because of 
their susceptibility to lipid oxidation. Most of the formulated foods that we consume are 
present in the form of heterogeneous emulsions i.e., they contain a water phase dispersed 
in an oil medium or vice versa. Food Industries use various methods to control lipid 
oxidation out of which using antioxidants is the most common approach. Different 
antioxidants are available from both natural sources (like tocopherol, rosemary acid, etc.) 
and synthetic sources (EDTA, BHT, BHA etc.) but synthetic antioxidants are preferred 
because they are convenient to use, easily available and less expensive (Pokorný, 2007). In 
recent years, the consumption of natural and functional products has increased 
exponentially. Therefore, there has been a growing demand for using natural antioxidants 
in foods to eliminate the risk of adverse health effects associated with synthetic 
antioxidants. But natural antioxidants are not as effective as synthetic antioxidants. They 
are required in large amounts which makes them expensive to use. Tocopherols are the 
most popular and abundantly available natural antioxidant used in foods. However, the 
antioxidant ability of tocopherol is lost after some time when it gets converted to its 
oxidized form tocopherol quinone.  
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Recent research has shown that phospholipids affect the antioxidant ability of tocopherols 
in bulk oils and emulsions. Phospholipids like phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) can regenerate tocopherol from its oxidized form and thus work 
synergistically to control lipid oxidation. Phosphatidylserine is particularly effective in 
emulsion systems. But the biggest challenge with the use of phosphatidylserine in foods is 
its low availability in nature. Lecithin, a by-product of oil refining industry is a rich source 
of phospholipids like phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylinositol (PI) etc. but phosphatidylserine (PS) is present in trace amounts (< 
3% of total phospholipids) and its refining and purification is tedious which makes it 
expensive.  
The main aim of this research was to use a modified lecithin with high phosphatidylserine 
content in combination with tocopherol to improve its antioxidant effects. 
Phosphatidylcholine is known to have prooxidant effects in bulk oils. Therefore, our aim 
was to convert the phosphatidylcholine to phosphatidylserine to be used in combination 
with tocopherol. This can be achieved using the enzyme phospholipase D. Previous studies 
have shown that this enzyme has the unique ability the cleave the phosphodiester bond in 
PC and in the presence of serine and water it forms phosphatidylserine and phosphatidic 
acid is obtained as a by- product. Lecithin is a generic term and the composition of lecithin 
vary drastically depending on their source of origin. Therefore, the ability of the 
phospholipase D enzyme to efficiently perform transphosphatidylation can vary amongst 
different lecithin sources. This in turn can affect the ability of modified lecithin to 
regenerate tocopherol.  
3 
The overall objective of this study was to investigate the suitable conditions for the 
development of a modified lecithin with high PS content which can be used commercially 
with tocopherols and improve their antioxidant ability. The first part of this research 
focuses on optimizing the conditions for the enzyme phospholipase D from Streptomyces 
species to obtain maximum conversion of PC to PS in soy, sunflower, and egg lecithins.  
Both modified and unmodified lecithins were also evaluated for their antioxidant activity 
in 1% stripped soyabean oil-in-water emulsion stabilized using Tween 20 at pH 7 subjected 
to incubation at 20ºC. If successful, the modified lecithins could be used in combinations 
with tocopherols as a novel food antioxidant that could extend shelf-life and thus decrease 
food waste and improve food safety by decrease the formation of potentially toxic lipid 




2.1  Introduction to Lipid Oxidation 
       Lipids are the essential building blocks in foods because they are responsible for 
providing the desirable texture, taste, and mouthfeel. Lipids are triacyl glycerides which 
are basically made up of three fatty acids chains attached to a glycerol/alcohol molecule. 
Metabolic studies have shown that consumption of polyunsaturated fatty acids like omega-
3 and omega-6 is beneficial for health (Asif, 2011; Yashodhara et al., 2009). Incorporation 
of polyunsaturated fatty acids in foods remains a challenge because of their high 
susceptibility to oxidation which produces bad taste and off flavors. There has been a lot 
of evidence related to the toxic effects of the oxidation products on human health (Chaiyasit 
et al., 2007; Coupland & McClements, 1996; McClements & Decker, 2000). Lipid 
oxidation has been a serious concern for food industries for so many years now. High 
temperature, light, high degree of unsaturation, presence of oxygen, presence of transition 
metals, presence of pro-oxidants etc. can all accelerate the breakdown of lipids during 
processing and storage thus altering the chemical makeup of the food product (Decker et 
al., 2017; Laguerre et al., 2007; McClements & Decker, 2000). In addition to affecting the 
sensory characteristics of food, lipid oxidation also causes breakdown of proteins, loss of 
essential nutrients like certain vitamins and pigments. There are several in vivo studies 
which show that consumption of lipid oxidation products could possibly lead to 
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alzheimer’s disease, cancer, atherosclerosis, inflammation etc. (Laguerre et al., 2007; 
Vieira et al., 2017). 
2.1.1. Mechanism 
       Lipid oxidation reaction can be broadly divided into 3 stages namely initiation, 
propagation, and termination. The reaction starts or initiates with the formation of a lipid 
alkyl radical (R•) formed from an external source like high temperature, light, radiation, as 
well as enzymes, photosensitizers, and metals etc. which are often present in food products 
(reaction 1).  This alkyl radical reacts rapidly with the oxygen present in the environment 
to form a peroxyl radical (ROO•) (reaction 2). The peroxyl radical is very reactive and can 
react with a new lipid molecule to give out a lipid hydroperoxide and a new free radical 
(R•) thus propagating the fatty acid chain reactions (reaction 3). The oxidation reaction is 
terminated with the formation of non-radical species which generally happens when either 
all the lipid substrate present in the food is consumed or the available radicals combine 
with each other to form stable products (reaction 4) (Costa et al., 2021; Laguerre et al., 
2007; Lipid Oxidation - Edwin N. Frankel - Google Books, 2005.; McClements & Decker, 
2000).  
RH ➔ R• + H•   (1) 
R• + O2 ➔ ROO•             (2) 
   ROO• + RH ➔ ROOH + R•      (3) 
  ROO• + ROO• ➔ ROOR + O2 (4) 
ROO• + R• ➔ ROOR 
6 
R• + R• ➔ RR 
Hydroperoxides are referred to as primary oxidation products which are unstable and often 
break up to form secondary oxidation products like ketones, aldehydes, epoxides etc.  The 
type of hydroperoxide formed determines what type of volatile or non-volatile secondary 
product will be formed in the end. Hydroperoxides can undergo β-scission reactions, to 
form alkoxyl radicals. These radicals can further break the fatty acid chains into products 
which cause rancidity or production of off flavors in foods. 
2.1.2. Lipid Oxidation in Emulsion system 
2.1.2.1. Introduction 
         Most of the foods are mixtures of water and oil. Emulsions is described as a mixture 
of two immiscible liquids (usually water and oil) in which one liquid is dispersed in the 
other. The system overall is thermodynamically unstable and therefore, emulsifiers are 
often added in the mixture before homogenization to prevent the two phases from 
separating out (Coupland & McClements, 1996; McClements & Decker, 2000).  
The oxidation of unsaturated lipids in emulsion systems is very different from that of bulk 
oils because of the presence of three different types of phases: oil, water, and the oil-water 
interface. The different compounds present in emulsion partition themselves into these 
three phases based on their polarity and surface activity. The aqueous phase contains 
prooxidants and antioxidants and the presence of an oil-water interface has a drastic 
influence on partitioning of antioxidants, prooxidants and oxidizable substrates between 
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oil, interfacial, and water phases. High surface area increases the interactions between lipid 
and water phase prooxidants because of which emulsified oil is more susceptible to 
oxidation than bulk oil  (Chaiyasit, Elias, McClements, & Decker, 2007; McClements & 
Decker, 2000; Waraho, Mcclements, & Decker, 2011). Transition metals like iron are 
important prooxidants in lipid dispersions because they can interact with lipid 
hydroperoxides in their oxidized as well as reduced state to form peroxyl (LOO•) and 
alkoxyl (LO•) radicals (equation 1 and 2). These radicals react  with unsaturated 
lipids (LH) within the droplets or at the oil-water interface, which leads to the 
formation of lipid radicals (L• and LOO•) 
Fe 3+ + LOOH → Fe 2+ + LOO• + H +   (1) 
Fe 2+ + LOOH   →    Fe 3+ + LO• + OH-   (2) 
2.1.2.2.  Factors affecting lipid oxidation in emulsions 
        Structure of lipids, concentration of antioxidants and pro-oxidants and location of 
antioxidant, aqueous phase pH and ionic concentration, oxygen concentration, droplet 
characteristics and interfacial properties can all affect the rate of lipid oxidation in 
emulsions.  The influence of these factors on lipid oxidation in food has been studied by 
different researchers in model emulsion systems (Coupland & McClements, 1996; 
Jacobsen, 2010; Sun, Wang, Chen, & Li, 2011; Waraho et al., 2011). All these studies 
have emphasized that the interfacial region plays a critical role in lipid oxidation in 
emulsions. 
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The properties of the interfacial region are defined not only by concentration of any 
surface-active species adsorbed on the surface but also their interactions and structures 
before, during and after emulsion formation, e.g., emulsifiers, biopolymers, and minerals. 
The interfacial membrane can improve the stability of the emulsions and protect the lipid 
molecule by providing a physical barrier and thus preventing the penetration and diffusion 
of prooxidants  (Berton-Carabin et al., 2014; Sun et al., 2011). 
Ionic strength and pH of the aqueous phase, composition of the interfacial layer can 
influence the charge on the interface surface. Studies have shown that lipid oxidation was 
less intense in positively charged droplets than in reverse. For example, Mancuso et al. 
(Mancuso et al., 1999) observed that the lipid oxidation rate of salmon oil-in-water 
emulsions was the highest for negatively charged droplets (stabilized with sodium dodecyl 
sulphate (SDS)), intermediate for uncharged droplets (stabilized with Tween 20), and the 
lowest for positively charged droplets (stabilized with dodecyl trimethyl ammonium 
bromide (DTAB)). These results indicated that negatively charged droplet interfaces were 
electrostatically attracted to positively charged pro-oxidant (iron), hence, pro-oxidants 
were in closer proximity to hydroperoxides and subsequently oxidation was promoted. In 
case of protein stabilized emulsions, the oxidation stability increased when proteins carried 
positively charged around droplets (pH < isoelectric point), whereas oxidative stability 
reduced when a net anionic charge was established around droplets (pH > isoelectric point). 
Hu et al., (Hu et al., 2003) showed that the rate of lipid oxidation in salmon oil-in-water 
emulsions stabilized with either whey protein isolate (WPI), sweet whey, β-lactoglobulin 
or α-lactoglobulin was slower at pH 3 (proteins have positive charge) than pH 7 (negative 
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charge) and argued that this was due to the repulsive forces at pH 3 between the positively 
charged droplets and the positively charged prooxidants in the continuous phase. 
The rate of lipid oxidation is also affected by the thickness of the interfacial membrane. A 
thicker coating on the droplet surface can reduce the interactions between lipids and 
hydroperoxides and transition metals present in the aqueous phase.  Lipid oxidation was 
found to be the slowest in the emulsion containing droplets stabilized by the surfactant with 
the longest polar head group or hydrophobic tail group (M. P. C.  Silvestre et al., 2000; 
Mark P.  Richards et al., 2002). 
2.2. Antioxidants and their mechanism 
2.2.1 Types of Antioxidants 
      Antioxidants are substances which are added into food products to maintain their 
nutritional value and prolong their shelf like by preventing oxidation of fat molecules. The 
use of antioxidants is a very effective strategy used by industries to control rancidity. The 
effectiveness of antioxidants varies from system to system and is affected by a lot of 
different factors such as the nature of the antioxidant (hydrophobic or hydrophilic), type of 
lipid substrate (degree of unsaturation), location of antioxidant, physical and chemical 
environment like pH, ionic strength and temperature, and interfacial interactions. 
Antioxidants are generally classified into two categories (i) primary antioxidants which 
participate during the propagation stage and are free radical scavengers as they interact 
with free radicals present in the lipid system to convert them into stable low energy forms, 
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and (ii) secondary antioxidants like singlet oxygen quenchers and metal chelators which 
participate during the initiation and propagation stages.   
2.2.1.1. Metal Chelators 
Metal promoted lipid oxidation is a common problem in emulsion type food 
systems. Metals like iron and copper are present in a lot of ingredients used in food 
preparation. Food can also encounter metals during processing and storage. Therefore, a 
lot of work has been done to understand how metals interact with lipid substrate and how 
metal promoted lipid oxidation can be controlled. Prooxidants like ferrous ions can interact 
with unsaturated fatty acids to form hydroperoxides which undergo decomposition to form 
volatile products like aldehydes and ketones which deteriorates the food. Metal chelators 
are commonly added to foods to maintain their shelf life. Their main mode of action is by 
preventing metal redox cycling, formation of insoluble metal complexes, steric hindrance 
of metal-lipid interactions or oxidation intermediates (e.g.  hydroperoxides) and/or 
occupation of all metal coordination sites  (Graf & Eaton, 1990). The most common metal 
chelators found in foods contain multiple carboxylic acids such as EDTA, polysaccharides 
(e.g., pectin and alginate) and citric acid, or contain phosphate groups such as 
polyphosphates, phosphorylated proteins (e.g., casein and phosvitin) and phytates. 
2.2.1.2. Free Radical scavengers 
          Free radical scavengers also known as chain breaking antioxidants interact with free 
radicals such as alkyl (L•), peroxyl (LOO•) and alkoxyl (LO•) radicals by donating their 
free H atoms and converting them into non-reactive stable products (Equation 1-3). They 
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are called chain breakers because they terminate chain propagation by preventing the free 
radicals to react with fatty acids as well as stopping β-scission promoted cleavage of fatty 
acids resulting in formation of volatile compounds (J et al., 2009). Each antioxidant 
molecule can react with two free radicals and thus terminate the lipid oxidation reaction. 
The antioxidant radicals thus formed are low in energy therefore they do not react with 
fatty acids but instead react with another antioxidant radical or lipid oxidation radicals 
(Equation 4). (Eric A.  Decker et al., 2005) 
AOH + L•   →    LH + AO• (1) 
AOH + LO•   →  LOH + AO• (2) 
AOH + LOO•   →  LOOH + AO• (3) 
AO• + LO•   →  LOOA   (4) 
 Some examples of free radical scavengers included natural antioxidants like tocopherols 
and various flavonoids and phenolic acids and some synthetic antioxidants like butylated 
hydroxyanisole, propyl gallate and terc-butylhydroquinone (Costa et al., 2021). 
2.2.1.2. Oxygen Quenchers 
         Reactive oxygen species such as singlet oxygen and triplet oxygen are important 
prooxidant in foods. Light accelerated oxidation of oil can happen in foods with 
photosensitizers (e.g., riboflavin, chlorophyll, and hemoproteins). These photosensitizers 
get excited when exposed to light and transfer their energy to triplet oxygen available in 
the vicinity which can further form singlet oxygen.  Reactive oxygen quenchers such as 
carotenoids (β- carotene, lycopene, and lutein), polyphenols like catechin and certain 
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flavonoids, tocopherols, peptides, amino acids, proteins, ascorbates etc. can all inhibit 
oxidation either by absorbing energy from excited photosensitizers so they cannot produce 
singlet oxygen or by absorbing energy from singlet oxygen to convert it back to the low 
energy triplet oxygen state  (Choe & Min, 2005; JUNG et al., 1991).  
2.3.  Improved benefits with antioxidant combinations 
Antioxidant degradation and loss of activity are the biggest challenges that is faced by 
industries. When an antioxidant is completely consumed after interacting with free radicals, 
they become inactive and thus their antioxidant effect is lost. Therefore, using antioxidant 
combinations is an effective strategy which can be used to increase the net antioxidant 
effect in the food system. Additive antioxidant effect is observed when the combined 
activity of antioxidant combination is equal to the sum of their individual effects. 
Synergistic antioxidant activity is achieved when the combined effect of multiple 
antioxidants against lipid oxidation is greater than the additive effect of each antioxidant 
used separately. There are different ways in which antioxidants can behave synergistically. 
For example, using antioxidant combinations with different modes of action like a metal 
chelator plus a free radical scavenger. Hudson et al. 1983 (Hudson & Lewis, 1983) showed 
that Quercetin (metal chelator) and α-tocopherol (free radical scavenger) show synergism 
by this mechanism in decreasing the oxidation in lard. Another possibility is regeneration 
of an oxidized free radical scavenger which is also the primary antioxidant with a higher 
reduction potential, with a second free radical scavenger (secondary antioxidant) (Choe & 
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Min, 2009; Mishra et al., 2021). Pedrielli and Skibsted (Pedrielli & Skibsted, 2002) studied 
the reduction in peroxidation of methyl lineolate using a combination of different 
flavonoids with alpha-tocopherol and found that quercetin and (+)-catechin each, 
regenerated alpha-tocopherol resulting in a co-antioxidant effect. 
Hamilton et al (Hamilton et al., 1998) studied the effect of addition of α-, γ/δ, and δ-
tocopherol concentrates alone and in combination with ascorbyl palmitate and lecithin on 
oxidative stability of fish oil. The combination of ascorbyl palmitate-lecithin and lecithin-
tocopherol were strongly synergistic. The combination of 2% δ-tocopherol, 0.1% ascorbyl 
palmitate and 0.5% lecithin showed the greatest synergism by delaying the oxidation to 
upto 6 months. 
2.4. Tocopherol as an Antioxidant 
Tocopherols are oil soluble, free radical scavengers widely used in food systems to control 
lipid peroxidation. Vitamin E is a collective term used to refer to 8 isoforms: α-, β-, γ-, and 
δ-tocopherol and α-, β-, γ-, and δ-tocotrienols. Tocopherols and tocotrienols differ on the 
basis of presence of double bonds on the side chain. The α-, β-, γ-, and δ- types differ on 
the the location and degree of methylation on the chromal ring. Figure (2.1) shows the 
chemical structure of tocopherol and tocotrienols and there different isomers (Shahidi & 
Camargo, 2016; Suárez-Jiménez et al., 2016). 
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Figure 2.1 Chemical structure of different types of tocopherols and tocotrienols 
adapted from (Suárez-Jiménez et al., 2016)  
Apart from the difference in their structures these isomers also possess varying degree of 
chemical activity. The antioxidant properties of tocopherols and tocotrienols (α, β, γ and 
δ) have been known for years and tocopherols are one of the most widely used natural 
antioxidants in foods. Their tendency to behave as antioxidants comes from their ability to 
scavege free radicals. Tocopherols carry a reactive hydroxyl group on their phenol ring 
which can undergo hydrogen transfer reactions. All vitamin E homologues can react with 
different free radicals generated during oxidation (alkoxyl, peroxyl and carbon centric) and 
convert them into stable non radical products along with the formation of a tocopherol 
radical. Tocopherol radical is stable enough not to react with other lipid substrates but they 
can react with other peroxyl radicals to form stable tocopherol quinones (Yamauchi, 2003). 
A single tocopherol molecule can therefore react with two peroxyl radicals and inhibit the 
propagation step of the free-radical autoxidation pathway (Bandarra et al., 1999; Choe & 
Min, 2009; J et al., 2009; S et al., 1990; W. T. Yang & Min, 1994). Hence, they are 
sometimes called oxidation “chain breakers. The reactivity or the hydrogen removing 
ability of tocopherols is highest for  α-tocopherol followed by β-, γ-, and δ- tocopherol due 
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to difference in their bond dissociation energies (Choe & Min, 2009; James S.  Wright et 
al., 2001) 
Several researchers have talked about the beneficial properties of tocopherols as singlet 
oxygen quenchers. Singlet oxygen mediated oxidation is common in foods containing 
photosensitizers like chlorophyll, myoglobin etc. because they can absorb light and form 
reactive sensitizers which produce singlet oxygen  (Choe & Min, 2005; W. T. Yang & Min, 
1994). Tocopherols react with singlet oxygen via a charge-transfer quenching mechanism 
to form the lower energy triplet oxygen. Kaiser et al.(S et al., 1990) observed that the rate 
of inactivation of singlet oxygen was different among the tocopherol homologs and were 
in the order α ≥ β > γ > δ. These results were in line with the fact that the best quenchers 
are the ones which can be most easily oxidized. Chemical quenching involves formation 
of an intermediate complex of singlet oxygen and tocopherol which after chemical 
reduction form products such as tocopherol hydroquinones (YAMAUCHI & 
MATSUSHITA, 1979). 
Tocopherols may also undergo side reactions that result in prooxidant activity depending 
on factors such as tocopherol concentration, structure, and temperature. Zuta et al. (Zuta et 
al., 2007) studied the effect of α-tocopherol in concentrations of 50, 100, 250, 500 parts per 
million (ppm) in unrefined mackerel oil. They found out that lower antioxidant 
concentration treatments with α-tocopherol appear to be more effective in controlling oil 
oxidation than treatments with 250 and 500 ppm, with inhibition percentages of lipid 
oxidation around 75–80 and 55–60, respectively, after 66 days at −40 °C. 
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2.4.1. Products of tocopherol oxidation 
     The reaction initiates when a tocopherol molecule comes in contact with a free radical 
to form tocopherol radical. Tocopherols can react with both alkyl and peroxyl radicals, 
however, preference is given to the peroxyl radicals because of a larger difference in their 
reduction potentials (600 mV for alkyl radicals vs 1000 mV for peroxyl radicals) (Buettner, 
1993).  Under mild environmental conditions, two tocopheroxyl radicals can interact to 
form tocopherylquinones. A similar product can also be obtained when a tocopheroxyl 
radical donates an electron to fatty acid peroxyl radicals to form tocopherol cations. This 
cation upon hydrolysis forms 8a- hydroxytocopherone which further rearranges itself to 
form tocopherlyquinones.  If the concentration of tocopherol in the system is high, then 
two tocopheroxyl radicals can also undergo  termination reactions to form dimers and 
trimers. Some other reactions of less importance can happen when the tocopherol radical 
reacts with lipid alkoxyl radicals (LO•) which when present in excess can form 
tocopherolperoxides. Tocopherol peroxide further forms 2 isomeric epoxy-8a-
hydroperoxy-α-tocopherones by elimination of alkoxyl radical followed by addition of 
oxygen and abstraction of hydrogen which upon further hydrolysis form epoxyquinones 
When limited oxygen is present in the system, the tocopheroxyl radicals can react with 
alkyl radicals (R•) to form 6-O- lipid- tocopherol. Tocopherols react with singlet oxygen 
to produce di-epoxide intermediates by 1,4-cycloaddition of singlet oxygen to tocopherols 
and further form oxidation products such as tocoquinone, quinone epoxides and 
tocopherones (Liebler et al., 1990; Ryo YAMAUCHI, 1997) 
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Figure 2.2 Reaction products of α-tocopherol during the peroxidation of 
unsaturated lipids. LH, polyunsaturated lipid; L•, carbon-centered lipid radical; 
LOO•, lipid-peroxyl radical; LOOH, lipid hydroperoxide adapted from (Yamauchi, 
2003) 
2.5.  Phospholipids 
       Phospholipids are amphiphilic molecules which are ubiquitous in nature. In naturally 
occurring glycerophospholipids fatty acids are esterified to the SN1 and SN2 positions, and 
a polar phosphate group is esterified to the SN3 position of the glycerol backbone. The 
phosphoglycerols are all derivatives of phosphatidic acid (PA). When an amino alcohol 
molecule attached to the phosphate structure is a serine it is called phosphatidylserine (PS). 
Similarly, it forms phosphatidylethanolamine (PE), phosphatidylcholine (PC) when the 
substituted group is ethanolamine or choline. Alternatively, a polyhydroxy compound 
which is either glycerol or inositol may also be attached instead to form 
phosphatidylglycerol (PG) and phosphatidylinositol (PI) (Alhajj et al., 2020; Szuhaj, 
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2005). Molecular structure of phospholipids can be altered using various chemical and 
enzymatic methods with the aim to improve their functional properties as well as for the 
preparation of new phospholipids with specific properties that are different from the 
original phospholipid. 
Figure 2.3: Chemical structure of different types of glycerophospholipids adapted 
from (Alhajj et al., 2020) 
2.5.1. Sources of Phospholipids 
Lecithin is the name given to the lipid complex from which majority of the 
phospholipids can be obtained. Phospholipids are a part of the structural and functional 
components of cell membranes for most of the living organisms. The functional properties 
of lecithin depend on the chemical makeup, which is affected by the source of origin, fatty 
acid composition, phospholipid content etc. (Aleksandrovna et al., 2017; Alhajj et al., 
2020)  Table 2.1 shows the composition of phospholipids in various plant based and animal 
19 
based lecithins. Phosphatidylcholine is the major component found in lecithins followed 
by phosphatidylethanolamine, and egg lecithin is the richest source of phospholipids while 
in terms of plant sources soybean tops the list. Egg lecithin is also different from soy and 
sunflower lecithin by high content of saturated fatty acids and transition metals. Sunflower 
lecithin differs from soybean in terms of large percentages of oleic and linoleic fatty acids  
(Aleksandrovna et al., 2017)  







Phosphatidylcholines (PC) 71 34 36 
Phosphatidylethanolamines (PE) 18 26 17 
Phosphatidylinositol (PI) 1 19 24 
Phosphatidylserines (PS) and 
Lysophosphatidylethanolamines 
(LPE) 
traces traces traces 
Phosphatidic acids (PA) 3 4 4 
Table 2.1 phospholipid composition of lecithins from (Aleksandrovna et al., 2017) 
2.5.2. Effects of phospholipids on Lipid Oxidation 
         Phospholipids can attract prooxidants such as transition metals because of the 
negative charge present on their phosphate headgroup surface and this provide a protective 
effect. Cardenia et al. (Cardenia et al., 2011) found that 1,2- dioleoyl-sn-glycero-3-
phosphocholine (DOPC) inhibited lipid oxidation in 1% stripped soybean oil-in-water 
emulsions at pH 7.0, while at pH 3.0 DOPC was found to be prooxidative. Further the 
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effect of fatty acid unsaturation, chain length and type of phosphate head group was also 
studied at pH 7.0 and phosphatidylcholine with either oleic or palmitic acid aliphatic side 
chain was the most effective at inhibiting lipid hydroperoxide and hexanal formation of all 
the phospholipids tested.  They presumed that the antioxidant activity of phospholipids was 
due to their ability to form structures within the lipid phase of the emulsions droplets or to 
chelate metals. Terao and coworkers (Hildebrand et al., 1984) checked the effect of 
different phospholipids classes on iron induced lipid oxidation of egg yolk phospholipid 
bilayers and reported that the iron binding capacity of individual phospholipids was in the 
following order: PA ≥ PS ≥ PG > PE = PC. 
Phospholipids with primary amines can also serve as Maillard reaction substrates. Alaiz et 
al. (Alaiz et al., 1996) found that primary and secondary amines could inhibit lipid 
oxidation in stripped soybean oil whereas tertiary amines had no effect in stripped soyabean 
oil and showed that the inhibitory effect was attributed to the Maillard reaction products 
that were formed during storage. King et al.(King et al., 1992) also reported a relationship 
between the oxidative stability of salmon oil and color intensity from Maillard-type 
reaction products. 
2.6. Antioxidant Synergism 
2.6.1. Synergism between tocopherol and phospholipids 
Many studies have reported the improvement in the oxidative stability of food 
products with the addition of phospholipids and tocopherols. The mechanisms of 
antioxidant synergy between phospholipids and tocopherols are complex and is believed 
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to be due to a number of different mechanisms such as metal chelation, Maillard reaction 
products, formation of reverse micelles and regeneration of tocopherols etc. (Bandarra et 
al., 1999; Chen et al., n.d.; Cui et al., 2014; King et al., 1992; Lee & Choe, 2011). These 
abilities are different among phospholipids due to their different chemical structures and 
properties. Bandarra et al. (Bandarra et al., 1999) analyzed the synergistic interaction 
between α-tocopherol and different phospholipid substrates like PC, PE and cardiolipin in 
refined sardine oil stored at 40 ± 2ºC for 30 days and found out that the highest synergistic 
effect was obtained in case of PE + α-Tocopherol followed by PC and the lowest with 
cardiolipin and α-tocopherol combination. The possible reason for synergism was 
suggested to be due to formation of Maillard reaction products. Takenaka and coworkers 
(A et al., 2007) examined this synergist behavior by using PE and PC containing 
unsaturated fatty acids at known positions with tocopherol. Unsaturated fatty acids 
containing PE was synergist with highest synergism in case of PE containing 
docosahexaenoic acid (DHA) and oleic acid (OA) with α-tocopherol while PC showed no 
effect. They suggested that the high synergistic effect from the fatty acid chains might be 
because of the improved affinity of α-tocopherol towards the lipid substrate.  
Another pathway through which phospholipids show synergism with tocopherols is by 
regeneration of oxidized tocopherol. Cui et al. (Cui et al., 2014) studied the effect of α-
tocopherol and association colloids prepared by phospholipids in stripped soybean oil. The 
oxidation rate was significantly reduced when α-tocopherol was mixed with dioleoyl 
phosphatidylethanolamine (DOPE). Additionally, he also showed that DOPE and 
ethanolamine were able to regenerate oxidized form of α-tocopherol back to its antioxidant 
state. Doert et al. (Doert et al., 2012) used HPLC combined with mass spectroscopy to find 
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out the reactions involved in the regeneration of tocopherol quinone back to tocopherol 
using phospholipids like PE and PS. He postulated a mechanism scheme which shows that 
PS/PE first react with oxidized tocopherol to form a PS/PE-tocopherol intermediate. the 
conversion using PS is very simple and takes place in one step which involves the PS-α-
tocopherone complex being converted directly to α-tocopherol while PE-tocopherone first 
requires the intermediate step of a carbenium ion which can be reduced to α-tocopherol. 
Samdani et. al. (Samdani et al., 2018) examined the interaction between phospholipids (PE 
and PS) and different tocopherol homologs in oil-in-water emulsions stabilized using tween 
20 or BSA as emulsifiers. All the combinations showed synergistic activity except for α-
tocopherol and PE. however, the best antioxidant activity was shown by the combination 
of most surface-active antioxidant δ-tocopherol with both PE and PS. PS showed 1.5-3 
times greater synergism than PE in tween 20 stabilized emulsions. Xu and coworkers (N. 
Xu et al., 2019b) studied interactions of different tocopherol homologs with PE or PS in 
bulk oil. Unlike oil-in-water emulsions, PE was much more effective than PS at increasing 
the activity of the tocopherol homologues in bulk oil. 
 
2.6.2. Challenge with the use of pure phospholipids 
            Primary amine group present in the headgroup of phosphatidylethanolamine and 
phosphatidylserine can regenerate oxidized tocopherol quinones through an ionic transfer 
mechanism. Thus, these phospholipids increase the antioxidant activity of tocopherols by 
regenerating oxidized tocopherol quinones back to the original tocopherol so it can 
scavenge an additional free radical. Pure phosphatidylethanolamine and 
phosphatidylserine are too expensive for use as a food additive. Doert et al. (Doert et al., 
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2012) in his paper concluded that “the reaction [with PS] is not of interest” because “PS 
only occurs in plant lecithins in small amounts,” This statement emphasizes on the 
importance of modifying the properties of lecithin so that they are able to regenerate 
tocopherols for preventing lipid oxidation in food products. Presently, PS and PE can be 
extracted from natural resources, such as soybeans and egg yolks. Table 2.1 shows that PS 
only occurs in trace amounts in the major commercial sources of lecithin. So far, 
commercial sources of PS come only from plant sources. Its low availability and the 
sophisticated extraction technology required result in its high price. In previous studies, 
many researchers have reported reaction systems that could produce PS using 
phospholipase D enzyme. Theoretically, the production cost of PS can be decreased 
significantly through the phospholipase D (PLD)-mediated transphosphatidylation of 
phosphatidylcholine (PC) with L-serine. Therefore, the modified lecithins described herein 
provide commercially viable alternatives    
 
2.7. Enzymatic modification of lecithin 
 
     Commercial preparation of lecithin using enzymes is gaining popularity because it 
requires very mild reaction conditions, great selectivity and specificity compared to 
chemical synthesis, fast performance with minimal wastage of substrate  (Joshi et al., 
2006). Enzymes such as lipases and phospholipases are widely used in food industries to 
prepare phospholipids of interest with improved functionality and to reduce the high cost 
associated with industrial separation and purification. With possible and available 
enzymes, the manipulation of the phospholipid structure can be complicated but versatile. 
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Various reaction routes can be implemented and have been used to produce different 
products. Phospholipases are classified on the basis their site of action. If they attack on 
the SN1 position it is called phospholipase A1, if its SN2 position it is called phospholipase 
A2. If the enzyme hydrolyzes the phosphodiester bond from the glycerol side it is called 
phospholipase C and if the enzyme attacks the phosphodiester side so that the phosphate 
group remains on the glycerol backbone, it is a phospholipase D as shown in Figure 2.4  
Figure 2.4 Site of action of phospholipases (Joshi et al., 2006) 
Phospholipase A1 and A2 are generally used for the preparation of free fatty acids and 
lyso-phospholipids which have improved emulsification properties (Aura et al., 1995; Joshi 
et al., 2006). Phospholipase D has gained substantial interest over the years because this 
enzyme can be used to prepare phospholipids like phosphatidylserine (PS), 
phosphatidylglycerol (PG) etc. which are present in low abundance in nature from 
phospholipids like phosphatidylcholine (PC) which are available in large quantities in 
nature. 
2.8. Phospholipase D 
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Phospholipase D (PLD) is a ubiquitous enzyme known for catalyzing two different 
reactions namely hydrolysis of phospholipids to form phosphatidic acid and a free alcohol 
and transphosphatidylation of phospholipids in the presence aliphatic (1º and 2º) alcohols 
to synthesize new phospholipids by undergoing head group exchange.  
Classical Phospholipase D enzymes can be found in plants, mammals, and microorganisms 
out of which microbial PLD shows the highest transphosphatidylation activity (Hatanaka, 
Negishi, Kubota-Akizawa, & Hagishita, 2001; McDermott, Wakelam, & Morris, 2004). A 
large subset of these enzymes is known as the PLD superfamily which show similar 
catalytic activity because of a common conserved region in their genome called the 
HxKxxxxDx6GSxN motif (HKD) named for the histidine (H), lysine (K), and aspartic acid 
(D) residues or variations thereof. Out of theses the histidine residue works as the active
catalysis site for nucleophilic reactions (McDermott et al., 2004). Conservation of the HKD 
motif permits inclusion in PLD superfamily because, regardless of substrate identity, these 
enzymes share an SN2 ping-pong reaction mechanism that proceeds through a covalent 
phosphoprotein intermediate in phosphodiester hydrolysis. However, there are other 
enzymes such as S. chromofuscus, Corynebacterium, Arcanobacterium and some other 
families which exhibit similar PLD activity but lack the conserved HKD motif and instead 
show a metal coordinated reaction for the hydrolysis of phospholipids (Samantha et al., 
2021; Selvy et al., n.d.; Uesugi & Hatanaka, 2009; H. Yang & Roberts, 2003). The 
importance of understanding the key variations in PLD enzymes obtained from different 
sources should be emphasized for their successful commercial applications. For example, 
Juneja et al. performed a kinetic study to evaluate the conversion of PC to PE using PLD 
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enzyme from different sources and found out that the reaction kinetics varies drastically 
between the plant and bacterial enzymes that were used (Raj Juneja et al., 1988).  
 
2.8.1. Transphosphatidylation Activity  
            Transphosphatidylation process involves replacement of the head group in 
phospholipids with another hydroxyl group. New phospholipids with selective functions 
can be prepared by replacing the polar head group in abundantly available phospholipid 
substrates. The reaction involves substitution of a nucleophile on the phosphate 
intermediate formed by the enzyme which comes either from the h2o water molecule and 
thus forming phosphatidic acid or if an alcohol moiety is present it results in the liberation 
of a phosphatidyl alcohol product.  
 
Figure 2.5 Reaction scheme for the hydrolysis and transphosphatidylation of 
phosphatidylcholine by phospholipase D obtained from (Nakazawa et al., 2011) 
 
Generally, this enzyme-catalyzed transphosphatidylation is carried out in a biphasic system 
consisting of a water-immiscible organic solvent phase containing the substrate, and an 
aqueous phase containing the enzyme and L-serine (Hosokawa et al., 2000; Raj Juneja et 
al., 1989). An advantage of the bi-phase system is that the target product is soluble in 
organic phase and can be separated easily from the aqueous phase. When PLD is used as a 
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biocatalyst in these systems, its selectivity for the transphosphatidylation activity is 
important. As far as industrial applications are concerned, microbial PLDs from selected 
Streptomyces strains are preferred due to the high yields of the transphosphatidylation 
product and the ready accessibility of the enzyme from bacterial culture media. The activity 
of different PLDs vary and is often difficult to explain because the origin of enzyme, the 
alcohol used as nucleophile, the solvent system and the reaction conditions like pH, 
temperature, solvent to buffer ratio etc. prove to be strongly interdependent (Allegretti et 
al., 2020). Even PLD obtained from the same genus sometimes show noticeable variations 
in their activity. Yang and Roberts (H. Yang & Roberts, 2003) used two different 
Streptomyces PLD enzymes and found that the two differ significantly in terms of physical 
state of the substrate, Ca+ availability and catalytic interaction.  
Previous studies have investigated the enzymatic conversion of the phosphatidylcholine to 
phosphatidylserine. Hosokawa et al. (Hosokawa et al., 2000) reported a PS yield of 36.2% 
in squid skin lecithin when a biphasic system with ethyl acetate as organic solvent and 0.2 
M acetate buffer at pH 5.5 was used. Choojit et al. (Choojit et al., 2016) was able to obtain 
100% conversion of PC from soybean lecithin to PS using Streptomyces sp. isolated from 
soil- and wastewater-contaminated palm oil in Thailand in a biphasic system consisting of 
chloroform and sodium acetate buffer (pH 6.0) at 1:5 (mol/mol) of PC to L-serine at 45°C 
within 40 min using 1.5 U PLD.  Li et al (Li et al., 2008) used a recombinant PLD from 
Streptomyces chromofuscus expressed on E. coli. The optimum organic phase was 
chloroform, optimum pH was 7.5, optimum temperature and time were 3°C and 6h, 
respectively. The highest transphosphatidylation rate was up to 31% and the specific 
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enzyme activity was up to 39 U/mg. The yield was comparatively low indicating that in bi-
phasic system the enzymatic reaction is greatly influenced by the reaction conditions. 
To avoid the use of organic solvents some researchers have also studied 
transphosphatidylation in aqueous-solid systems. Iwasaki et al. (Damnjanović & Iwasaki, 
2013) developed an aqueous-solid system using calcium sulphate to adsorb the lecithin and 
was able to obtain upto 85% PS in 24 hours accompanied by 11.9% PA. Similarly, Triton-
x-100- modified silica was used to adsorb PC in the work done by (X. Zhang et al., 2017) 
and the system was able to get upto 99% PS yield with only 1% PA.  
Most recently the transphosphatidylation reaction ability of microbial enzymes is also 
analyzed in green solvents to control hydrolysis. For example, Duan and Hu developed two 
reaction systems to prepare PS without the formation of PA with an overall yield over 90% 
using γ-valerolactone and 2-methyltetrahydrofuran  (Z.-Q. Duan & Hu, 2012; Z. Q. Duan 
& Hu, 2013). Similarly, Qin et al. (Qin et al., 2018) performed the synthesis of PS in the 
eco-friendly cyclopentyl methyl ether, using Streptomyces chromofuscus expressed in 
Escherichia coli which allowed a yield of 85.4% of conversion of PC when the reaction 
volume was scaled upto 1 liter. Yang et al. (S. L. Yang & Duan, 2016) tested the use of 
deep eutectic solvents (DES) like choline chloride/ethylene glycol to conduct the PS 
synthesis. The bioconversion was carried out in a batch reactor at 40ºC and consisted of 
PC, DES, L-serine, PLD and water (0.5%) yielding PS over 90%. 
However, the research with these novel green solvents is still new and involve high costs. 
Also, most of these researchers showed conversion using standard PC and not lecithin as 
substrate in low concentrations which limits their industrial application. Nowadays, 
sequencing technology or cloning of genes to obtain purified enzymes is also done to 
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biochemically characterize them for specific functions which also makes the 
transphosphatidylation task complicated. Therefore, the conventional water organic- 
solvent system represents a powerful system for PS production. It is simple to operate and 
to separate the products from organic solvents. 
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CHAPTER 3 
ANTIOXIDANT SYNERGISM BETWEEN α-TOCOPHEROL AND A HIGH 
PHOSPHATIDYLSERINE MODIFIED LECITHIN 
3.1. INTRODUCTION 
 A major portion of foods that we consume are present in the form of a heterogeneous 
mixtures of water and oils, which contribute to taste, texture and mouth feel. Nowadays, 
consumers are actively looking for food products with an ingredient list consisting of 
known natural ingredients and cleaner labels. With such attention being paid to labels, it 
has become a task for food industries to fulfill these demands and therefore research on 
more natural and healthy food additives has increased. Lipid oxidation remains a challenge 
in foods because it reduces shelf life due to formation of off flavors and aromas and 
produces reaction products which are potentially toxic (Frankel, 1984; Vieira et al., 2017; 
Yuxin Wang et al., 2020; J. Zhang et al., 2019). Currently, synthetic antioxidants like 
butylated hydroxytoluene (BHT), tertiary butylhydroquinone (TBHQ) and 
ethylenediaminetetraacetic acid (EDTA) are widely used by industries to control lipid 
oxidation (Decker et al., 2010; Taghvaei & Jafari, 2013) .  Clean label strategies to control 
lipid oxidation include using natural antioxidants like tocopherols as well as rosemary and 
green tea extracts.  However, these antioxidants are often less effective and more expensive 
than synthetic antioxidants (Medina et al., 1999) . Moreover, their efficiency in oil-in-water 
emulsions is not always consistent because of the complex nature of lipid containing food 
systems which can affect the partitioning of these antioxidants into different phases. 
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Therefore, antioxidant combinations are often used to increase the shelf-life of foods 
susceptible to lipid oxidation. This can be more effective than individual antioxidants 
because the multiple antioxidants can work against different oxidation pathways (e.g., free 
radical scavenging, metal chelating, singlet oxygen etc.), partitioning into different phases 
of the food or regenerate of one antioxidant by another (Choe & Min, 2009; Decker et al., 
2010; Mishra et al., 2021).  
 
Tocopherols are naturally occurring lipophilic antioxidants with nutritional and health 
benefits as well as potential to be effective food antioxidants. They occur in four different 
forms namely α-, β-, γ-, and δ-tocopherol which differ in the position and degree of 
methylation with α-tocopherol being the most non-polar form (Etsuo Niki & Abe, 2019).   
The antioxidant activity of tocopherols comes from their ability to scavenge free radicals. 
(Liebler et al., 1990; Etsuo Niki et al., 1982; PACKER et al., 1979). In some cases, they 
also act as singlet oxygen quenchers.(JUNG et al., 1991; S et al., 1990; W. T. Yang & Min, 
1994) .  Each tocopherol molecule can react with 2 peroxyl radicals and thus block the lipid 
oxidation chain propagation reactions (Bandarra et al., 1999). Tocopherols react with free 
radicals by donating their phenolic H atom to form a tocopherol radical. The tocopherol 
radical can react with peroxyl radicals to scavenge a second radical and convert to 
tocopherol quinone which is a more stable non-reacting product (Yamauchi, 2003).  The 
ability of tocopherols to control oxidation is eventually lost when it can no longer scavenge 
free radicals. An effective strategy to combat lipid oxidation in foods would be to convert 
the oxidized tocopherols products back to their original structure so tocopherol can 
inactivate additional free radical or reactive oxygen species. Several studies have shown 
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the synergistic relationship of tocopherols and other compounds such as ascorbates, 
phenols, and phospholipids. For example, Zhou et al. (Zhou et al., 2005) has shown that 
green tea polyphenols were able to regenerate oxidized α-tocopherol back to α-tocopherol 
in the presence of SDS micelles. Niki et al., (E. Niki et al., 1984) studied the combined 
effect of vitamin E and vitamin C in methyl linoleate where vitamin C was involved in 
regeneration of tocopherol radicals showing that the two vitamins act synergistically to 
inhibit lipid oxidation. 
 
Phospholipids are amphiphilic compounds in which the phosphate containing polar head 
group forms the hydrophilic end while the hydrophobic end consists of two non-polar 
fatty acids (Yonghui Wang et al., 2003) . Several scientists have reported that 
phospholipids are able to improve the antioxidant activity of tocopherols and its 
homologues (Cui et al., 2015; Doert et al., 2012; Hildebrand et al., 1984; HUDSON & 
GHAVAMI, 1984). Doert et al. (Doert et al., 2012) has shown that the amino containing 
phospholipids, phosphatidylethanolamine (PE) and phosphatidylserine (PS), have the 
potential to regenerate oxidized tocopherols and have proposed a reaction scheme for this 
regeneration by using mass spectroscopy to analyze intermediate reaction products. Cui 
et al. (Cui et al., 2015) studied the interaction between phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) with α-tocopherol in bulk oil and found that 
phosphatidylethanolamine (PE) was able to increase the activity of α-tocopherol while 
phosphatidylcholine did not. They also showed that dioleoylphosphatidylethaolamine 
(DOPE) was able to regenerate α-tocopherol quinone to α-tocopherol. Samdani et al. 
(Samdani et al., 2018) has shown that PE and PS in combination with tocopherols in oil-
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in-water emulsions are extremely effective antioxidants with PS being more effective as 
the interaction index between PS and α-tocopherol was 1.5-3 times higher than PE and α-
tocopherol when Tween 20 was used as an emulsifier. Xu and coworkers (N. Xu et al., 
2019a) found that PE was more effective than PS in bulk oils with the highest activity 
seen in the case of PE and mixed tocopherols.  While these studies show that tocopherol 
plus PE or PS have excellent potential as food additives, they are not currently used in 
foods because high purity PS and PE are too expensive for use as food additives and both 
PE and PS concentrations in commercial lecithins do not strongly increase the activity of 
tocopherols. (N. Xu et al., 2019a)   
 
Lecithin is a commonly used ingredient in the food industry because of its low cost, 
abundant availability, and functional properties. It contains different phospholipids like 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) etc. 
(Table 1). Recently, there has been a rising interest in modifying the properties of lecithin 
using lipolytic enzymes such as phospholipases and lipases. Manipulation in the polar head 
group composition of native phospholipids using enzymes is gaining interest because it 
reduces the high cost associated with industrial purification of phospholipids (Doig & Diks, 
2003; Z. Zhang et al., 2020). 
34 
The enzyme phospholipase D can be used to perform this head group exchange by a process 
called transphosphatidylation in which the enzyme cleaves the phosphodiester bond to 
remove the head group and attaches  another headgroup available in the surrounding 
environment to form a new phospholipid structure (Damnjanović & Iwasaki, 2013; Leiros 
et al., 2000; Z. Zhang et al., 2020).  Hence, lecithin can be modified by phospholipase D 
to a high PS or PE lecithin by converting the PC to PS or PE in the presence of primary 
alcohols like serine or ethanolamine. 
Table 3.1. Percentage of different phospholipids found in common plant and animal 
sources. (Table obtained from (Szuhaj, 2005)) 
 A biphasic system is traditionally used which consists of an organic phase to dissolve the 
phospholipids and a water/buffer phase consisting of the enzyme and the serine or 
ethanolamine. The advantage of this system is that the reactants in the two phases can be 
Percentage of Total Phospholipids in Lecithins 
Phospholipid Soybean Rapeseed Sunflower Egg 
Yolk 
Milk Corn 
Phosphatidylcholine 24 25 25 74 27 30 
Phosphatidylethanolamine 22 22 11 19 36 3 
Phosphatidylinositol 15 15 19 1 16 




5 19 1 8 
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easily separated once the target phospholipid is formed (Damnjanović & Iwasaki, 2013). 
However, a challenge with this system is that phospholipase D often competes between 
two reaction pathways (transphosphatidylation and hydrolysis). When conditions favor 
hydrolysis, the final product is phosphatidic acid resulting in lower PS or PE yield. Thus, 
understanding how reaction conditions impact the type of product formed is extremely 
critical for good yields of the phospholipid of interest.  
There are many naturally available phospholipase D sources from plants, but these 
typically have low transphosphatidylation activity. Therefore, a commercially available 
microbial phospholipase D enzyme was selected for this study because of their high activity 
and  they favor transphosphatidylation over hydrolysis  (Oblozinsky et al., n.d.). Most of 
the published literature showing phospholipase D conversion have used pure PC as the 
substrate but very few researchers have used lecithin as a source of phospholipids. Besides 
phospholipids, commercial lecithin contain other lipids such as free fatty acids, glycolipids, 
sterols, and other minor components (Alhajj et al., 2020) that could affect phospholipase 
D enzyme’s ability to modify PC. To provide an industry compatible conversion of PC in 
lecithin to PS or PE, the process needs to be simplified and made inexpensive. The activity 
of phospholipase D is greatly affected by the environment in which the 
transphosphatidylation process is performed (Hosokawa et al., 2000; Raj Juneja et al., 
1989). Therefore, it is important to optimize these conditions to obtain a high PS lecithin 




Figure 3.1. Reaction scheme of transphosphatidylation to PS from PC 
 
 
In this study we focused on conversion of the PC in 3 different types of lecithin to PS 
since PS was more effective than PE when used in combination with tocopherols in oil-
in-water emulsions (Samdani et al., 2018).  The impact of environmental conditions on 
the ability of phospholipase D to increase the concentration of PS in lecithin was also 
determined. Additionally, we determined if α-tocopherol and the modified high PS 
lecithins can work synergistically to improve the oxidative stability of oil-in-water 
emulsions. 
 
3.2. MATERIAL AND METHODS 
 
3.2.1. Materials  
       High PC Soy lecithin (∼ 94 % PC) and high PC sunflower lecithin (∼ 90 % 
PC) were obtained from American Lecithin Company (Oxford, Connecticut, U.S. A). 
Egg lecithin (60% PC) was obtained from Alfa Aesar through Thermo Fisher 
Scientific (Ward Hill, MA, U.S.A).  Authentic phospholipids mixed in chloroform 
[1,2-Dioleoyl-sn-glycero-3-phosphocholine (PC); 1,2- dioleoyl-sn-glycero-3-
phosphoethanolamine (PE); 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS); and 
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1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt) (PA)] were procured from Avanti 
Polar Lipids, Inc. (Alabaster, AL, U.S.A.) and stored at -20ºC. Soybean oil was 
purchased from a local retail store in Hadley, MA and was stored at -80ºC until use. 
L-Serine, calcium chloride, iso-octane, 2-propanol, methanol, 1-butanol, n-hexane,
hydrochloric acid, chloroform, ethyl acetate, were supplied by Fisher Scientific (Fair 
Lawn, NJ). Phospholipase D from Streptomyces sp. (500 units/ml), Streptomyces 
chromofuscus (> 50,000 units/ml), silicic acid (100–200 mesh), activated charcoal 
(100–400 mesh), sodium acetate anhydrous, imidazole, Tween 20, barium chloride 
dihydrate, ammonium thiocyanate, iron (II) sulfate heptahydrate, cumene 
hydroperoxide, hexanal, and (±)-α-tocopherol were supplied by Sigma-Aldrich (St. 
Louis, MO). All the solvents were of HPLC grade or purer, and all other chemicals 
were analytical grade or purer. Double distilled and deionized water was used for all 
the experiments and all glassware were soaked in 2 N HCl bath overnight to remove 
metals, followed by rinsing with double-distilled water before use. 
3.2.2. Preparation of Modified Lecithin 
       The protocol to produce high phosphatidylserine lecithin was developed with the 
help of a modified version of the enzymatic conversion method reported by Na et al. 
(N. Xu et al., 2019b) and Hosokawa et al. (Hosokawa et al., 2000). Phospholipase D 
from Streptomyces chromofuscus and Streptomyces sp. were both tested for lecithin 
modification (Z. Q. Duan & Hu, 2013; Raj Juneja et al., 1988, 1989). A buffer solution 
was prepared which consisted of 0.2 M sodium acetate, 0.01 M CaCl2, and 2.5 M L-
38 
 
serine. pH was adjusted as required using HCl. Buffer (6 mL) was mixed with 8 units 
of phospholipase D enzyme by vortexing for 10 s. Lecithins (0.3 g), mixed with 25 ml 
of ethyl acetate, were added to the enzyme solution to form a biphasic system. The 
mixture was incubated at 37ºC for up to 40 hours with continuous shaking at 150 rpm 
(Brunswick Innova 2100 platform shaker, Eppendorf, Hamburg, Germany) to carry out 
the enzymatic conversion. At various times, the phospholipase D was inactivated by 
heating at 90ºC for 5 min and ethyl acetate was removed from the samples using a 
rotary evaporator at 37ºC. The remaining water phase was further combined with 80 
ml chloroform, 30 ml methanol and 20 ml of water in a 250 ml separating funnel and 
allowed to rest for at least 60 mins to allow for separation of the solvents and aqueous 
phase. The organic phase was transferred to a round bottom flask and the solvent was 
evaporated at 42ºC in the rotary evaporator to obtain the modified phospholipids. The 
modified lecithin was stored in amber color bottles at -80ºC until use. 
 
 
3.2.3.  Determination of tocopherol content of the lecithins  
           Tocopherol was quantitated by normal phase HPLC (Z. Xu et al., 2015) using a 
mixture of n-hexane and 1,4-dioxane (95:5, v/v) as the mobile phase at a flow rate of 1 
mL/min. The lecithins (0.01 g) were dissolved in 2 ml of n-hexane and aliquoted into 
HPLC vials using a 0.2 µm syringe filter. Sample (20 μL) was injected into Shimadzu 
HPLC system equipped with a Supelcosil LC Diol column (L x I.D. 25 cm x 4.6 mm, 
5µm particle size). The effluent was monitored with a fluorescence detector (Shimadzu 
RF – 20A) with an excitation wavelength at 290 nm and emission wavelength at 330 
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nm. The tocopherols were identified by retention times and were quantified with 
standard curves (peak areas) obtained from authentic standards. 
 
3.2.4. Detection of Phospholipids by HPLC 
    To identify the phospholipids composition of the unmodified and modified 
lecithin by HPLC, a modified version of the method described by (Letter,1992) (Letter, 
1992) was developed. The samples were analyzed using a Shimazu Prominence- i LC-
2030C HPLC (Kyoto, Japan) with an electron light scattering detector ELSD-LT II. 
Separation was carried out using an Agilent Zorbax SIL, 4.6 mm ID x 250 mm column 
containing 5 μm packing at 35ºC. The mobile phase was a low- pressure tertiary 
gradient of hexane, isopropanol and water as described in Table 2.  Authentic 
phospholipids, unmodified lecithins and modified lecithins (10 mg) were dissolved in 
1.5 mL of 53% hexane, 5% water and 42% isopropanol. The samples were vortexed 
and filtered through a 0.2-micron syringe filter and aliquoted into 2 mL autosampler 
vials of which 10 μL of sample was injected into the HPLC system for analysis. 
Compressed nitrogen was used as the carrier gas in the evaporative light scattering 
detector at a temperature of 63ºC, an internal pressure of 400 kPa and a gain of 5. 
Phospholipids were identified and % conversion (peak area of individual phospholipid) 
/ (total peak area of detected phospholipids) was calculated by comparing their 






  Gradient system for Phospholipids Class Separation 
Time (min.) Flow Rate 
(mL/min) 
% Hexane % Isopropanol % Water 
0.01 0.8 53 42 5 
5 1 40 55 5 
10 1.25 40 50 10 
30 1.25 40 55 5 
35 0.8 53 42 5 
 
Table 3.2. Solvent gradient system used for phospholipids class HPLC separation 
 
 
3.2.5. Preparation of Stripped Soybean Oil (SSO) 
  Stripped soybean oil was used to decrease the interference of polar lipids including 
tocopherols and phospholipids in the lipid oxidation studies. Oil stripping was 
performed as described by Cui et al. (Cui et al., 2014) using a chromatographic column 
(3.0 cm internal diameter × 35 cm height) which was packed with 4 layers. The first 
layer was packed with sand (around 2 cm). The second layer was prepared using 22.5 
g of silicic acid (washed several times using double distilled and deionized water and 
dried for 48 h at 110 ºC) followed by a layer of activated charcoal (5.25 g). The top 
layer was packed using another 22.5 g of silicic acid. Soybean oil (30 ml) was mixed 
in 30 mL n-hexane and passed through the column using an additional 270 ml of n-
hexane for complete elution from the column to obtain the stripped oil. The column 
was covered with aluminum foil and the round bottom flask used to collect the solvent 
with the oil was put on ice to decrease light and temperature induced lipid oxidation 
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during the stripping process. The final residue was collected, and n-hexane was 
removed using a vacuum rotary evaporator (Model RE 111, Buchi, Flawil, 
Switzerland) at 27ºC followed by nitrogen flushing for 10 min to remove traces of 
hexane from the stripped oil. The oil was stored at - 80ºC until it was used for emulsion 
preparation. Absence of tocopherols in SSO was confirmed using HPLC (Z. Xu et al., 
2015). 
 
3.2.6. Emulsion Preparation and Storage Conditions 
       Tween 20 was dissolved in 10 mM imidazole-acetate buffer at pH 7. Authentic PS, 
modified high PS lecithins and unmodified lecithin, all dissolved in chloroform, and -
tocopherol dissolved in ethanol to prepare stock solutions so that the needed 
concentrations could be added to the stripped oil alone or in combination,  Addition to 
the oil was done at 4ºC in the dark for 30 min with continuous magnetic stirring 
(Samdani et al., 2018). Stripped oil was mixed with the imidazole-acetate buffer 
containing Tween 20 (1:10 emulsifier/oil ratio) and was blended at low speed to make 
a coarse emulsion using a hand-held homogenizer (Model M133/1281-0, BioSpec 
Products Inc., Bartlesville, OK). The coarse emulsion was then passed through a 
microfluidizer (Model M-110L Microfluidics, Newton, MA) at 9 kbar for 3 passes to 
further reduce the particle size. The emulsion and the homogenizer chamber were kept 
cold all the time using ice to maintain the emulsion at or below room temperature. One 
ml of the emulsion was aliquoted into 10 ml GC vials, sealed using metal caps having 




3.2.7. Emulsion droplet size and zeta potential  
        Particle size and zeta potential measurements were performed immediately after 
emulsions were prepared and at the end of the storage studies by diluting the emulsion 
with 10mM acetate-imidazole buffer (pH 7) to keep the attenuation within the range of 
6-8. Measurements were taken in triplicates using a Zetasizer Nano-ZS (Malvern 
Instruments, Worcestershire, U.K.) instrument at room temperature. 
 
3.2.8. Measurement of Primary Oxidation Products 
       To monitor the formation of primary oxidation products in the presence of the 
different antioxidants, lipid hydroperoxides were measured using the method 
developed by Shantha and Decker (Shantha & Decker, 1994) with some modification. 
Hydroperoxides measurements were performed daily after gas chromatography (GC) 
analysis.  Emulsions (0.3 mL) were pipetted out of the GC vials and mixed with 1.5 
mL of isooctane:2-propanol solution (3:1, v/v). The mixture was vortexed for 30 s and 
then centrifuged for 3 mins at 3000 x g (CL10 centrifuge, Thermo Fisher Scientific 
Inc., Waltham, MA). The top solvent layer (200 μL) was mixed with 2.8 mL of a 
methanol:1-butanol solution (2:1, v/v), followed by addition of 30 µL of a 1:1 mix of 
ammonium thiocyanate and ferrous iron. The ferrous ion was prepared from a mixture 
of 0.144 M FeSO4 solution with 0.132 M BaCl2 (in 0.4 M HCl) at a 1:1 ratio. The 
mixture was centrifuged for 5 mins at 3000 x g and 1 ml of the clear supernatant was 
mixed with 1 ml of 3.94 M ammonium thiocyanate by vortexing and then incubated 
for 20 mins in the dark at room temperature. The absorbance of the samples was 
measured using a UV−Vis spectrophotometer (Genesys 20, Thermo Fisher Scientific 
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Inc., Waltham, MA) at a wavelength of 510 nm. Samples which showed high 
absorbance values (> 1.2) were diluted 10 times with methanol/1-butanol (2:1, v/v) 
before measurements. A standard curve was prepared using different concentrations of 
cumene hydroperoxide to calculate final hydroperoxide concentration. 
3.2.9. Measurement of Secondary Oxidation Products 
       Headspace hexanal measurements were performed by solid phase microextraction 
coupled to a gas chromatograph with a flame ionization detector (SPME-GC-FID). GC 
vials were heated in the autosampler at 55ºC for 10 mins.  After heating, the volatiles 
were absorbed on the surface of a 50/30 mm 
divinylbenzene/carboxen/polydimethylsiloxane SPME fiber needle (Supelco, 
Bellefonte, PA) which was inserted for 2 min into the GC vials at the end of the heating 
process. The fiber needle carrying the volatile compounds was placed into the injector 
port of the GC where they are desorbed at 250ºC for 3 mins and separated on a 30 m x 
0.32 mm i.d. x 1 μm fused-silica capillary Equity-1 column for 10 min using helium as 
the carrier gas. The oven temperature was 65ºC while the FID was at 250ºC and a split 
ratio of 1:7 was used. Area under the curve was used for quantification using a standard 
curve prepared with (0-200 uM) authentic hexanal. 
3.2.10.  Interaction Index 
         Interaction Index (Kittipongpittaya et al., 2016; Melo et al., 2016)  is a parameter 
used to determine if two antioxidants are having a synergistic, additive or antagonist 
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relationship. If the interaction index value for the increase in hydroperoxide or hexanal lag 
phase for the -tocopherol and lecithin combination is > 1 then the relationship is 
synergistic, additive if the value = 1 and antagonist if value is < 1. The formula used to 
determine the index value is as follows: 
(Lag phase of the high PS lecithin and tocopherol combination − lag phase of the 
control)/ [(lag phase of tocopherol alone − lag phase of the control) + (lag phase of high 
PS lecithin alone − lag phase of the control)] 
3.2.11. Statistical Analysis 
      All treatments were prepared in triplicates and data was presented as means ± standard 
deviation. Data was analyzed using one way analysis of variance (ANOVA) followed by 
Dunnett’s post hoc test (p <0.05) using Minitab 20 version (State College, PA, USA). Data 
obtained from each day was compared against a control (Day 0) to determine the lag phases 
for each treatment. In this study. lag phase is defined as the first data point which was 




RESULTS AND DISCUSSION 
 
4.1. Chromatographic Analysis 
A HPLC chromatogram showing the separation of phospholipid standards is shown in 
the Fig. 4.1. PA, PE, PS and PC phospholipid classes were successfully separated 
during the 40 min run time which included column flushing and regeneration.  
 
 
Figure 4.1 . High Performance Liquid Chromatography Chromatogram prepared 
using authentic phospholipids standards. The peaks are in the order PE = 





4.2. Effect of Enzyme Source 
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While conditions for phospholipase D transphosphatidylation of PC to PS has been 
reported using authentic PC (Z. Q. Duan & Hu, 2013; Raj Juneja et al., 1988; S. L. Yang 
& Duan, 2016),  optimum conditions have not been established when lecithin is the 
substrate.  This could be important since lecithin contains components beside 
phospholipids such as triacylglycerols, free fatty acids, mono- and diacylglycerols, 
tocopherols and sterols that could impact enzyme activity.  In addition to formation of PS, 
we also determined the formation of PA as this would identify conditions that could favor 
hydrolysis vs transphosphatidylation and thus could decrease PS yield.  
High PC soybean lecithin was used for all initial experiments as its high PC concentration 
had the potential to obtain a high PS yield. Two commercially available phospholipase D 
sources, Streptomyces chromofuscus and Streptomyces sp. were tested using Xu et al. and 
Hosokawa et al. (Hosokawa et al., 2000; N. Xu et al., 2019b). Initial reaction conditions 
were 0.3 g lecithin in 30 mL ethyl acetate, (250 units) PLD enzyme mixed in 200μL of 
buffer solution (0.2M sodium acetate (pH 8.0) with 0.01 M calcium chloride and 3.4 M 
serine), T = 37ºC for 60 min. No PS formation was observed in the presence of 
phospholipase D from Streptomyces chromofuscus. This disagrees with the findings of 
Duan et al. (Z. Q. Duan & Hu, 2013) who was able to obtain up to 70% PS formation from 
purified PC after 12 hrs. of incubation using this enzyme at 40ºC with 2-MeTHF as the 
solvent. When Streptomyces sp. was used under the same conditions as Streptomyces 
chromofuscus, PS formation was observed although the yield was low. This suggests that 
the reaction conditions and the use of lecithin instead of authentic PC could have an impact 
on the performance of the two enzymes. Therefore, we screened a variety of conditions 
(pH, temperature, enzyme concentration, serine concentration, buffer volume) using 
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phospholipase D from Streptomyces sp. (Hosokawa et al., 2000; Raj Juneja et al., 1988, 
1989) since it was more active than Streptomyces chromofuscus.  Each condition was 
optimized one by one by doing a 24-hr. incubation study (Table 4.1).  Increasing PLD 
above 8 units increased formation of PA (hydrolysis) so 8 units were chosen for the 
remaining experiments. Serine at 2.5 M was chosen as precipitation was observed at 3.0 
M. A buffer concentration of 6.0 mL was chosen as higher concentrations increased PA
formation.  Kinetics studies on the effect of PS formation as a function of pH and 
temperature were then performed to be able to not only determine optimum pH and enzyme 
stability but also to determine optimum time.  
Parameter Conditions 






























Table 4.1. Different parameters analyzed for optimizing the reaction conditions for 
the conversion of PC from soy lecithin to PS (low, medium, and high described PS 
yield) 
The final conversion conditions were optimized, and the best yield of PS was achieved 
under the conditions 8 units PLD, 2.5 M Serine, T=37ºC, 6 ml 0.2 M acetate buffer (pH 
5.5), 0.01M CaCl2 and 25 ml of ethyl acetate containing 0.3 g of lecithin. 
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     Over the pH range of 5.0-6.5, the optimum pH was found to be 5.5 (Figure 4.2). For 
example, after 24 hrs. of incubation, PS was 16, 11 and 14 % higher at pH 5.5 compared 
to pH 5.0, 6.0 and 6.5, respectively. This is similar to what was observed by Juneja et 
al. (Raj Juneja et al., 1989) who used Streptomyces sp. enzyme from two different 
manufacturers and in both cases more than 85% PS was obtained using pure PC as 
substrate at pH 5.5 in the presence of 3.4 M serine. Additionally, PA formation was 
also lowest at pH 5.5.  Negatively charged surface active lipids such as PA can 
sometimes be prooxidative in foods because they attract transition metals (Chen et al., 
2012; Mancuso et al., 1999) so minimizing PA concentration could result in better 
antioxidant activity. 
 
Figure 4.2 Effect of pH on formation of phosphatidylserine (PS) from high 
phosphatidylcholine soy lecithin. Reaction conditions: 6 mL of 0.2 M acetate buffer 
containing 2.5 M L-serine, 0.01M CaCl2, 25 mL ethyl acetate, 0.3 g of soy lecithin, 8 
units phospholipase D, pH = 5.5; PS = Phosphatidylserine (solid symbols); PA = 





































Phospholipase D conversion of high PC lecithin to PS and PA at pH 5.5 as a function 
of temperature is shown in Figure. 4.3.  The enzyme showed good thermal stability and 
was active between 32ºC – 55ºC. PS formation increased from 32ºC to 37ºC and then 
decreased from 37ºC to 55ºC. Less than 5% PA was formed at 37ºC while PA formation 
was higher at 32ºC and 55 ºC.  Higher PA formation could partially help explain lower 
PS yield at 32 ºC and 55ºC.   Due to the higher PS and lower PA yield, 37 ºC was 
selected for preparation of the high PS modified lecithins used in the lipid oxidation 
studies. Since PS formation continued to increase and PA concentrations remained low 
at 37ºC throughout the incubation study, 40 h was chosen for the incubation time.  The 
final composition of the high PS soy lecithin was 92.0 ± 0.01 % PS, 5.0 ± 0.01% PC, 
and 3.0 ± 0.01% PA 
Figure 4.3 Effect of temperature on conversion of PC to PS and PA from high 
phosphatidylcholine soy lecithin. Reaction conditions: 6 mL of 0.2 M acetate buffer 
containing 2.5 M L-serine, 0.01M CaCl2, 25 mL ethyl acetate, 0.3 g of soy lecithin, 8 
units phospholipase D, T= 37 ֯ C; PS = Phosphatidylserine (solid symbols); PA = 







































4.4.1. Droplet size and charge 
        Table 4.2 shows the droplet size and charge for all emulsions tested. No significant 
change in emulsion droplet size was observed during the entire incubation period of the 
oxidation studies. The average particle size was 183.8 ± 4.3 nm. The samples showed no 
signs of creaming or phase separation. Zeta potential for the Tween 20 stabilized emulsions 
on an average was -11.4 ± 1.04 mV. 
Table 4.2 Droplet size and zeta potential of 1% stripped soybean oil-in-water 
emulsions   stabilized with Tween 20 containing Unmodified Lecithin, Authentic PS 
and High PS Lecithin with and without α-tocopherol. Each value represents the 
mean (n=3) ± standard deviations 
 



















Control 188.4 ± 2.9  -13.2 ± 1.3 173.8 ± 
2.6 
-10.9 ± 0.5 173.8 ± 2.6 -10.9 ± 0.5 
Control + Unmodified 
Lecithin (15µmol) 
203.7 ± 13.6 -7.5 ± 0.7  165.5 ± 
3.0 
-12.5 ± 3.9 197.0 ± 
14.6 
-6.7 ± 0.9 
Control + Authentic PS 
(15µmol) 
190.4 ± 2.4  -10.7 ± 0.4 172.5 ± 
0.7 
-13.0 ± 1.8 172.5 ± 0.7 -13.0 ± 1.8 
Control + High PS 
Lecithin (15µmol) 
193.0 ± 2.6  -15.0 ± 2.3 173.6 ± 
3.5 
-12.5 ± 0.5 182.2 ± 1.2 -9.4 ± 1.0 
Control + α-tocopherol 
(3μmol) 
191.9 ± 0.4  -13.6 ± 1.0 176.6 ± 
2.4 
-12.3 ± 0.4 176.6 ± 2.4 -12.3 ± 0.4 
Control + Unmodified 
Lecithin (15µmol) + α-
tocopherol (3μmol) 
189.6 ± 8.9  -7.2 ± 0.8 186.8 ± 
8.5 
-11.0 ± 0.6 218.8 ± 5.5 -6.8 ± 0.4 
Control + Authentic PS 
(15µmol) + α-
tocopherol (3μmol) 
191.0 ± 1.0 -12.9 ± 1.3 166.5 ± 
2.4 
-12.5 ± 1.2 166.5 ± 2.4 -12.5 ± 1.2 
Control + High PS 
Lecithin (15µmol) + α-
tocopherol (3μmol) 
203.7 ± 4.6  -14.6 ± 1.3  177.3 ± 
4.0 
-12.4 ± 0.7 190.4± 
10.2 
-8.4 ± 0.1 
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4.4.2. Impact of unmodified soybean lecithin with or without α-tocopherol on 
oxidation of oil-in-water emulsions 
 
     The ability of α-tocopherol and unmodified soybean lecithin to inhibit lipid 
oxidation in Tween 20 stabilized oil-in-water emulsions was determined by monitoring 
headspace hexanal and lipid hydroperoxides formation at pH 7.0. α-Tocopherol was 
chosen because it is widely used by industries as an additive to control lipid oxidation 
because it is inexpensive and label friendly. The concentrations of α-tocopherol (3 
µmol/kg of emulsion) and lecithin (15μmol /kg emulsion) were chosen because these 
concentrations worked well together, and synergism was observed with an interaction 
index of > 5 in 1% oil-in-water emulsions in the work done by Samdani et al. (Samdani 
et al., 2018). In the control (no α-tocopherol or lecithin), the hydroperoxide and hexanal 
lag phases were 1 and 2 days, respectively (Figure 4.4). Addition of unmodified lecithin 
(15μmol /kg emulsion) had a small effect as it increased the hexanal lag phase by 1 day 
while the hydroperoxide lag phase was unchanged as compared to the control. When 
α-tocopherol (3 µmol/kg emulsion) was added alone, the hydroperoxide and hexanal 
lag phases were extended to 3 days and 4 days, respectively, compared to the control. 
When unmodified lecithin (15μmol /kg emulsion) was added with α-tocopherol in the 
emulsion the hydroperoxide and hexanal lag phase was unchanged compared to α-
tocopherol alone.  This data showed that unmodified lecithin had little antioxidant 
activity on its own and did not increase the antioxidant activity of α-tocopherol.   





Figure 4.4. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped 
soybean oil-in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of 
α-tocopherol in emulsion and 15.0 μmol/kg unmodified lecithin  in emulsion at 20ºC. 
Each value represents the mean (n = 3) ± standard deviations.(Some error bars lie 




























































































4.4.3.  Impact of High PS Soy lecithin with or without -tocopherol to inhibit lipid 
oxidation in Oil-in-Water Emulsions 
 
        The low PS, unmodified lecithin had little antioxidant activity in the oil-in-water 
emulsion so further studies were conducted to determine if increasing the PS 
concentrations in the lecithin increased antioxidant activity.  The activity of the high PS 
modified lecithin was also compared to authentic PS at equal PS concentrations.  In the 
control (no α-tocopherol or PS source) the hydroperoxide and hexanal lag phases were 
again 1 and 2 days, respectively. In the presence of authentic PS (15μmol/kg emulsion), 
the hydroperoxide and hexanal lag phases were 1 days and 3 days, respectively, indicating 
that presence of phospholipid alone has very little effect on the oxidative stability of the 
emulsion. This is similar to the observations of Samdani and coworkers (Samdani et al., 
2018). Samples containing high PS soy lecithin alone showed longer hydroperoxide and 
hexanal lag phases of 3 days and 4 days, respectively, compared to control. The higher 
antioxidant activity of the modified lecithin alone suggests that something else was in the 
high PS modified lecithin that was inhibiting lipid oxidation.  This was not PS since the 
authentic PS alone did not increase lag phase.  One possibility is that the soy lecithin 
contains small amounts of naturally occurring α-tocopherol (2g/kg lecithin) which is 
equivalent to 0.30 nmol α-tocopherol/kg of emulsion.  This level of tocopherol was not 
able to inhibit oxidation by itself since the lag phases of the unmodified lecithin alone was 
similar to the control (Figure 4.5).  However, in the high PS modified soy lecithin, the 
combination of the endogenous tocopherols and PS could result in inhibition of lipid 
oxidation as was observed by the increase of both hydroperoxide and hexanal lag phases 
compared to the control.  When α-tocopherol (3 µmol /kg of emulsion) was added alone, 
the hydroperoxide and hexanal lag phases were extended to 3 days and 4 days, respectively, 
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compared to the control. Addition of authentic PS (15 μmol /kg emulsion) with α-
tocopherol (3 µmol /kg emulsion) extended the hydroperoxide lag phase to 6 days and 
hexanal lag phase to 9 days resulting in a synergistic effect with an interaction index of 2.5 
for hydroperoxides and 2.3 for hexanal. The combination of the high PS soy lecithin at 15 
μmol PS/kg emulsion and α-tocopherol at (3µmol /kg emulsion), the hydroperoxide lag 
phase was 6 days and hexanal lag phase was 9 days resulting in an interaction index of 1.25 
for hydroperoxides and 1.75 for hexanal which again shows synergistic behavior. It was 
somewhat surprising that the high PS soy lecithin + α-tocopherol combination did not show 
greater antioxidant activity than the authentic PS + α-tocopherol combination since the 
high PS soy lecithin alone had greater antioxidant activity than the authentic PS alone.  It 
is not clear why a difference was not observed but it could be that the amount of tocopherols 
in the high PS soy lecithin was not high enough to further increase antioxidant activity in 
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Figure 4.5. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped 
soybean oil-in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of 
α-tocopherol in emulsion and/or 15.0 μmol/kg of high PS soy lecithin  in emulsion at 
20ºC. Each value represents the mean (n = 3) ± standard deviations. (Some error 





4.4.4. Impact of sunflower and egg lecithin with or without -tocopherol to inhibit 
lipid oxidation in Oil-in-Water Emulsions 
 
        The effect of addition of lecithin (unmodified and high PS modified) from sunflower 
and egg to the oil-in-water emulsion with or without -tocopherol was also analyzed at 
equivalent PS concentrations to determine if different sources of lecithin influenced the 
ability of modified lecithin to act synergistically with α-tocopherol. The final composition 
of the high PS sunflower lecithin was 88.0 ± 0.01% PS, 3.0 ± 0.01 % PC, and 8.0 ± 0.01% 
PA and for high PS egg lecithin was 63.0 ± 0.02 %, 6.0 ± 0.02% PC and 29.0 ± 0.02% PA.  
Since the concentration of PC in egg lecithin was lower than the other sources, lower PS 






































Control + Authentic PS(15µmol)
Control + High PS Soy
Lecithin(15µmol)
Control + α-Tocopherol(3μmol)
Control + Authentic PS (15µmol)+ 
α-Tocopherol (3μmol)
Control + High PS Soy Lecithin 
(15µmol)+ α-Tocopherol (3μmol)
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lecithin were prepared and added to the emulsion at a final concentration of 0.064, 0.067, 
and 0.095 mg/kg emulsion for soy, sunflower, and egg lecithins, respectively.   
The tween 20-stabilized oil-in-water emulsion control had a lag phase for lipid 
hydroperoxides formation of 1 days and the lag phase of hexanal formation was 2 days. 
Addition of α-tocopherol (3.0 mol/kg emulsion) to the Tween 20 stabilized emulsions 
extended the hydroperoxide lag phase to 3 days and hexanal lag phase to 4 days. Addition 
of unmodified sunflower lecithin alone did not affect the hydroperoxide and hexanal lag 
phase as compared to the control. When the combination of unmodified sunflower lecithin 
(15.0µmol/kg emulsion) and α-tocopherol (3.0 µmol/kg emulsion) was added to the 
emulsion, the combination extended the hydroperoxide lag phase to 3 days and hexanal lag 
phase to 4 days which was similar to the lag phases obtained when α-tocopherol was added 
alone.  
Addition of high PS sunflower lecithin (15.0 mol/kg emulsion) alone to the Tween 20 
stabilized emulsions resulted in a hydroperoxide lag phase of 1 days and slightly increase 
the hexanal lag phase to 3 days compared to control (Figure 4.6).  The combination of high 
PS sunflower lecithin and α-tocopherol extended the hydroperoxide lag phase to 5 days 
and hexanal lag phase to 7 days resulting in an interaction index of 2 for hydroperoxides 
and 1.6 for hexanal. 
The activity of this modified high PS sunflower lecithin in combination with tocopherol 
was slightly lower than the high PS soybean lecithin (hydroperoxide lag phase = 6 d and 
hexanal lag phase = 9 d) Figure 5. This could be due to its higher PA concentration (8 vs 
3%).  
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Figure 4.6. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped 
soybean oil-in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of 
α-tocopherol in emulsion and/or 15.0 μmol/kg of unmodified or high PS Sunflower 
lecithin in emulsion at 20ºC. Each value represents the mean (n = 3) ± standard 
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Egg lecithin is different from soy and sunflower because of its higher saturated fatty acid 
content(∼ 40% of total fatty acid amount vs 24-28% in soy and sunflower lecithins)  
(Aleksandrovna et al., 2017; Blesso, 2015). Since unsaturated fatty acids in the soybean 
and sunflower could negatively impact the antioxidant activity of the lecithins, the 
activity of the high PS egg lecithin was also determined to see if it might improve the 
antioxidant activity.   
Addition of  15.0 μmol unmodified egg lecithin /kg of emulsion gave  hydroperoxide and 
hexanal lag phases similar to the control showing that it had no antioxidant activity 
(Figure 4.7). When unmodified egg lecithin (15.0 mol/kg emulsion) was added with α-
tocopherol (3.0 µmol/kg emulsion), the lag phases for both hydroperoxides and hexanal 
were again similar to the lag phases obtained for α-tocopherol alone (3.0 µmol/kg 
emulsion) indicating no synergism. Addition of  15.0 μmol/kg of high PS egg lecithin  
increased both the hydroperoxide and hexanal lag phase by 1 day compared to control. 
When high PS egg lecithin (15.0 mol/kg emulsion) was added with α-tocopherol (3.0 
µmol/kg emulsion), the lag phases for both hydroperoxides and hexanal were 4 and 6 
days with interaction indexes of 1 and 1.3 for hydroperoxide and hexanal, respectively. 
The lower increase in hydroperoxide and hexanal lag phase of the egg high PS lecithin 
compared to the high PS sunflower and soybean lecithins could be due to its higher PA 
concentration (29% vs 3-8%).  In addition, egg lecithin is higher in transition metals that 
could promote oxidation. Aleksandrovna et al. (Aleksandrovna et al., 2017) reported that 
egg lecithin contains 1.8 mg iron/kg lecithin and 0.7 mg copper/kg lecithin compared to 
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soy lecithin which has 0.4 mg iron/kg lecithin and 0.3 mg copper/kg lecithin and 
sunflower lecithin which has 0.6 mg iron / kg lecithin and 0.4 mg copper / kg lecithin.  
Eggs contain iron and copper for the nutrition of the chick.  Since, phospholipids are 
negatively charged, it is not surprising that they would associate with the iron during the 
lecithin isolation.  Addition of the unmodified or modified egg lecithin by itself did not 
increase oxidation rates even though the emulsions could contain higher levels of iron 
and copper.   This could occur if the iron and copper in the egg lecithin were in their 
oxidized, less reactive forms.  However, the decrease in lag phases in the presence of 
tocopherols and the high PS modified egg lecithin could be due to the ability of 
tocopherols to reduce transition metals and promote oxidation in oil-in-water emulsions 
(Inchingolo et al., 2021).  Therefore, tocopherol could be acting as both a prooxidant by 
reducing metals and an antioxidant by scavenging free radical (especially in the presence 
of PS) with the antioxidant activity being stronger thus allowing extensions of the lag 
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Figure 4.7. Formation of lipid Hydroperoxides (A) and hexanal (B)  in 1% stripped 
soybean oil-in-water emulsions stabilized with Tween 20 containing 3.0 μmol/kg of 
α-tocopherol in emulsion and/or 15.0 μmol/kg of unmodified or high PS Egg lecithin 
in emulsion at 20ºC. Each value represents the mean (n = 3) ± standard 
deviations.(Some error bars lie within the data points) 
4.5. Summary of oxidation lag phases 
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9 6 7 5 6 4 
Table 4.3. Summary of hydroperoxide and hexanal lag phases in 1% SSO oil-in-
water emulsion stabilized with Tween 20 
4.6. Summary of Interaction index 
Sample Hexanal Hydroperoxide 
Authentic PS + α-Tocopherol 2.33 (synergistic) 2.5 (synergistic) 
High PS Soy Lecithin + α-
Tocopherol 
1.75 (synergistic) 1.25 (synergistic) 
High PS Sunflower Lecithin + 
α-Tocopherol 
1.66 (synergistic) 2 (synergistic) 
High PS Egg Lecithin + α-
Tocopherol 
1.3 (synergistic) 1 (additive) 
Table 4.4. Interaction index between α-Tocopherol and high PS lecithin from     
different sources in 1% stripped soybean oil-in water emulsions stabilized with 
Tween 20. 
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In conclusions, this research showed that utilizing phospholipase D to increase the PS 
concentration of commerical lecithins was a viable method to produce a modified lecithin 
that could increase the antixodidant activity of -tocopherol in Tween 20 stabilized oil-in-
water emulsions.  Over 88% PS was formed in both the high PC soy and sunflower lecithins 
after conversion while the egg lecithin, which contained 63% PC produced 63% PS.  At 
equal PS concentrations, both the modified high PS soy and sunflower lecithins 
synergistically increased the antioxidant activity of -tocopherol while egg lecithin only 
produced an additive effect.  The soy and sunflower lecithins were able to increase the 
tocopherol lag phase by 1.6 fold.  These data suggests that a high PS modified lecithin 
could be and effective tool at increasing the shelf-life of oil-in-water emulsions. 
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CHAPTER  5 
                                              CONCLUSION 
 
 
When authentic PS (15.0 mol/kg emulsion) was used along with α-tocopherol (3.0 
µmol/kg emulsion) it improved the oxidative stability of 1% oil-in-water emulsion while 
the authentic PS alone had no impact on hydroperoxide and hexanal formation. The 
synergistic activity agrees with the work of (Samdani et al., 2018) and supports the 
hypothesis of (Doert et al., 2012) that PS can regenerate α-tocopherylquinone to α-
tocopherol.  
 
Using pure PS for antioxidant properties is challenging because it is found in very low 
concentrations in naturally available sources. Tedious and expensive extraction and 
purification techniques are required which increases the overall cost of this compound to 
be used for industrial purposes. Lecithin is a cheap source of phospholipids, but it usually 
contains low concentration of PS. This problem can be solved using enzymatic 
transphosphatidylation for head group modification of phospholipids. This involves the use 
of an enzyme phospholipase D which can cleave the phosphodiester bond at the glycerol 
back bone of the phospholipid substrate and in the presence of primary alcohols like serine 
it can form PS from abundantly available PC in lecithin. In the presence of water, the 
enzyme can also form phosphatidic acid which is often regarded as a by-product of 
transphosphatidylation. The inclination of the enzyme towards transphosphatidylation or 
hydrolysis is influenced by the environment and the reaction conditions involved. 
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Therefore, to get highest PS conversion these conditions need to be optimized. We initially 
used a high PC lecithin substrate as it was easy to handle the conversion without the 
interference of other compounds. We were able to obtain upto 92.0 ± 0.01 % PS, 5.0 ± 
0.01% PC, and 3.0 ± 0.01% PA. When high PC sunflower and egg lecithin was used for 
the phospholipase D conversion, the final compositions were 88 ± 0.01% PS, 3 ± 0.01% 
PC, and 8 ± 0.01% PA and 63 ± 0.02 %, 6 ± 0.02% PC and 29 ± 0.02% PA, respectively. 
 
In the presence of authentic PS, high PS sunflower lecithin and high PS modified egg 
lecithin in the absence of tocopherols (Figure 4.5, 4.6, 4.7) the hexanal and 
hydroperoxide lag phases were similar to control suggesting that PS itself had no 
antioxidant properties (Figure 4.5). The exception was in the case of soy lecithin which 
showed increased hexanal and hydroperoxide lag phases compared to the control in the 
absence of added tocopherol.  This could be due to the naturally occurring α-tocopherol 
in the soybean lecithin. 
The high PS lecithins were able to synergistically increase the antioxidant activity of -
tocopherol increasing the hydroperoxide and hexanal lag phase by 6 and 9 days for soy, 5 
days, and 7 days for sunflower and 4 and 6 days for egg lecithin, respectively.  
All the combination of lecithins and tocopherols resulted in synergistic antioxidant activity 
(interaction index > 1.0) except for -tocopherol and high PS egg lecithin. For egg lecithin, 
an additive effect was observed (interaction index = 1.0). The presence of PA in the 
modified lecithins might have also shown some pro-oxidant effects which resulted in 
reduced hexanal and hydroperoxide lag phases, especially in the high PS egg lecithin which 
contained 29% PA. Additionally, differences in endogenous tocopherol concentrations 
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between the lecithin types might also explain differences in antioxidant activity especially 
for soy lecithin which had the highest level of endogenous tocopherol. 
This is the first research showing that the combination of -tocopherol and a modified high 
PS lecithin could produce synergistic antioxidant activity in oil-in-water emulsions. The 
combinations were able to increase the lag phase of lipid oxidation by 1.5 to 1.75-fold. 
This suggests that the combination of tocopherols and high PS lecithin has potential to be 
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